1] Line-of-sight (LOS) spacecraft acceleration profiles from the Radio Science Experiment and topography from the Mars Orbiter Laser Altimeter (MOLA) instrument of the Mars Global Surveyor (MGS) are analyzed to estimate the effective elastic thickness (T e ) for various regions of Tharsis. We identify a buried basin flanking the Thaumasia Highlands at the southeastern margin of Tharsis. Assuming that this basin results from lithospheric flexure from surface loading by the Thaumasia Highlands, we fit LOS profiles across the feature with a thin-shell, elastic flexure model and find the mountain belt to reflect a value of T e $ 20 km consistent with a Noachian formation age. We also determine admittances from LOS profiles for five regions across Tharsis and fit them with theoretical admittances calculated using the flexural model. Crater density, surface density, and predominant surface age are found to vary systematically across Tharsis while T e does not. The highest surface density and lowest T e values are obtained for the western portion of Tharsis where crater densities are lowest. Our results imply the majority of the topographic rise was emplaced within the Noachian irrespective of the surface ages. Topographic loading and resurfacing (i.e., volcanic activity) persisted into the Amazonian while becoming increasingly confined to the western margin where the youngest surface ages are found and the eruptive style transitioned from effusive volcanism to shield-forming volcanism as T e increased.
Introduction
[2] Tharsis is a vast, complex topographic rise on Mars extending over 30 million square kilometers that dominates the western hemisphere of the planet [Scott and Tanaka, 1986] . The region has been the locus of large-scale volcanism that has endured for nearly the entirety of the planet's history resulting in pervasive fracturing of the crust from lithospheric loading by the voluminous intrusive and extrusive magmatic deposits [e.g., Anderson et al., 2001] . Its formation is almost certainly connected with the internal dynamics of the planet and how it dissipated its internal heat. Various mechanisms for the origin of Tharsis, based on gravity, topography, and analysis of the temporal and spatial distribution of tectonic features, have been proposed and can be classified into three general categories: external loading (constructional) [Solomon and Head, 1982; Willemann and Turcotte, 1982] , domal uplift [Hartmann, 1973; Phillips et al., 1973; Carr, 1974; Plescia and Saunders, 1980] , and isostatic compensation of buoyant, thickened crust [Wise et al., 1979a [Wise et al., , 1979b Phillips, 1979, 1985] . The topography and gravity of Mars prior to Mars Global Surveyor (MGS) however, was of poor resolution and not well constrained [Esposito et al., 1992] and the origin, evolution, and internal structure of Tharsis remained largely unknown [Banerdt et al., 1992; Banerdt and Golombek, 2000] .
[3] With MGS in a low (<400 km altitude), circular, nearpolar orbit [Albee et al., 2001] , radio science solutions to the gravity field [Tyler et al., 2001] coupled with the topographic measurements provided by Mars Orbiter Laser Altimeter (MOLA) [Zuber et al., 1992] , provide the opportunity to vastly improve our understanding of the internal structure of the planet [e.g., Zuber et al., 2000] . The increase in resolution and accuracy over all previous control point networks afforded by MGS provides an opportunity to reassess the predominant formation mechanism(s) and evolution of Tharsis.
[4] In section 2 of this article, we discuss the Thaumasia region of Tharsis, which we identify as a large ($2700 km diameter), volcanic plateau based on the interpretation of the topography, gravity, image data, and mapped geology. Modeling the flexural response of the lithosphere to an idealized volcanic load on the planet's surface, this study estimates the density and thickness of the volcanic load, and the effective elastic thickness, T e . In section 3, we utilize the admittance (the transfer function between the gravity and topography), derived from line-of-sight (LOS) acceleration profiles, to estimate values of T e for different regions of Tharsis. We compare and contrast best-fit estimates of T e for the southeastern half of Tharsis, the region containing Thaumasia, and the western half of Tharsis that contain the large shield volcanoes of Tharsis Montes and Olympus Mons, two regions which differ markedly in surface ages. The differing values of T e reflect the varying thermal state of the lithosphere at the time topographic loads were emplaced, allowing temporal comparisons of features and lithospheric provinces to be made.
Thaumasia

Topography and Gravity Analysis
[5] The MOLA data has made possible the recognition of the dominant contributors to the high-standing topography of Tharsis. The Thaumasia Highlands, consisting of a 4 -5 km high arcuate mountain belt forming the southeast margin of Tharsis, represent the oldest preserved portion of Tharsis [Scott and Tanaka, 1986] and contain heavily cratered Noachian terrains that have survived resurfacing by younger volcanic flows presumably because of their high elevation. They bound a 2 -4 km high interior plateau that includes Solis, Sinai, and Syria Planum, forming a $2700 km diameter quasi-circular region of elevated topography collectively referred to as the Thaumasia Plateau. The northern and western margin of the plateau has been heavily modified by the formation of the Valles Marineris canyon system and tectonic and volcanic activity centered on Syria Planum. In spite of this, the plateau has retained a quasi-circular planform.
[6] Topography from MOLA [Smith et al., 1999b] and the JPL gravity model MGS95J [Konopliv et al., 2006] were analyzed and maps of the Tharsis region were generated ( Figure 1) where degree 95 corresponds to a Cartesian half wavelength of $110 km. This analysis identified a negative free-air gravity anomaly flanking the Thaumasia Highlands immediately exterior to the Thaumasia Plateau in the Figure 1A shaded with free-air gravity anomaly map derived from the MGS95J (JPL) Mars gravity model. The ground tracks of the six (A to F) LOS acceleration profiles are shown for reference and cross the Thaumasia Highlands, the arcuate mountain belt that forms the southern margin of the Thaumasia Plateau and represents the southern extent of the Tharsis region. Figure 2 . Cartoon depicting the interpretation of topography and gravity of the Thaumasia Highlands. The negative free-air gravity adjacent to the highlands is a consequence of lithospheric flexure from the topography. The gravity is then lower than predicted from the topography for the Thaumasia Highlands due to the deflection of the lithosphere and burial of the resulting flexural trench. adjacent heavily cratered southern highlands. As there is no topographic expression associated with the gravity anomaly, this anomaly represents a density contrast in the crust or mantle and is interpreted in this work as the result of the burial of a flexural moat and a low-density crustal root created by the load emplaced on the planet's surface by the formation of Thaumasia.
[7] The wavelength dependence of flexural compensation will produce a gravity trough adjacent to the Thaumasia Highlands. Dombard et al. [2004] noted that troughs often occurred in the free-air gravity in the vicinity of shortwavelength topographic features. Any load, in this case the topographic plateau of Thaumasia, will impart a flexural signal in the gravity. Since the amount of compensation is wavelength-dependent, the long wavelength component of the topography is largely compensated. The edge of the plateau is dominated by power at short-wavelengths in the topography and therefore will experience more elastic support. This is shown schematically in Figure 2 where the resulting topography from an initially flat plateau retains the highest elevations at the plateau edge. The resulting Moho, initially flat in this case, is equivalent to the resulting deflection of the lithosphere. The flexural signal of a topographic load will extend beyond the edge of the feature, at a distance determined by T e , and therefore will produce a gravity trough adjacent, and exterior, to its margin. The half width of the flexural depression, x 6 , is 0.75pa where a 4 = 4D/r m g is the flexural parameter and is a function of g, the gravity, r m , the mantle density, and the flexural rigidity, D = ET e 3 /12(1 À n 2 ), where E is Young's modulus and n is Poisson's ratio [Turcotte and Schubert, 2002] . Taking the width of the gravity trough as x 6 = 100-200 km yields T e $ 22-57 km for r m = 3400 kg m À3 , E = 100 GPa, and n = 0.25. This is consistent, as will be shown, with the results obtained by fitting LOS profiles across the highlands.
Geologic Evidence of the Moat
[8] The buried flexural moat surrounding Thaumasia can be inferred from the correlation of the negative gravity anomaly with younger geologic units that are observed to embay the Thaumasia Highlands and bury large impact basins. The contact at the base of the Thaumasia Highlands is visible in maps derived from MOLA and image data ( Figure 3 ). The materials comprising the immediate surrounding plains adjacent to the Highlands abut the mountains, exhibiting younger surface ages (Late Noachian/Early Hesperian) and lying stratigraphically above the units that are composed of the highlands (predominantly Early Noachian). Geologic units adapted from the geologic map of the western hemisphere of Mars by Scott and Tanaka [1986] ( Figure 4) show that the region of the negative gravity anomaly corresponds approximately to geologic units with crater retention ages of Late Noachian and Early Hesperian (map units Npl 2 , Hpl 3 , Hr, and Hf in the study of Scott and Tanaka [1986] ). The geologic units in the Thaumasia Highlands and units extending beyond the negative gravity anomaly in the surrounding cratered plains are predominantly Early Noachian in age (map units Nplh, Npl 1 , Npld, Nb, and Nf, in the study of Scott and Tanaka [1986] ). This stratigraphic relationship constrains the formation of the flexural moat, and hence the formation of the Thaumasia Highlands, to the Early Noachian as the trench is filled by Late Noachian and Early Hesperian materials. The trench would have presented a sink for sediments, water, and volcanics. Rates of erosion and deposition were likely much higher during the Noachian than at present [Malin and (1/128°pixel À1 ) of the Thaumasia Highlands (latitude À30 to À50°S, longitude 250 to 285°E) with free-air gravity contours at À40, À80, and À120 mGal. (B) Viking Orbiter VIS-A mosaic (images f063a05, f063a07, f063a08, f063a09, f532a13, f532a14, f532a15, and f532a16). (C) Approximately 30-km wide subframe of THEMIS daytime band 9 radiance image I14620007 [Christensen et al., 2004] . Box in Figure 3A outlines location of the mosaic. The contact between the Thaumasia Highlands and the younger trench filling materials that embay them is visible in both the MOLA data and the image data and correlates with the gravity anomaly (approximate location of contact denoted by black arrows). Numerous graben are evident (north to south trending linear features). Many truncate at the trench contact presumably because they have been buried while some propagate across the trench fill indicating that they were active after the trench was buried. Edgett, 2000] . The Thaumasia Highlands themselves, which are highly degraded and incised by valley networks, likely provided a source for infilling materials [Tanaka et al., 1998 ].
LOS Acceleration Profiles
[9] Raw line-of-sight (LOS) spacecraft accelerations from MGS indicate a mass deficit at Thaumasia relative to the acceleration that would be expected from topography alone . This is further explored here using finite-amplitude topography and a wavelength-dependent flexural response function to determine the expected LOS acceleration for MGS spacecraft orbits that transect the Thaumasia Highlands (see Figure 1 for the orbit ground tracks used in this study). The gravity is related to the topography by
where g ilm and h ilm are spherical harmonic coefficients for gravity and topography respectively for degree l, order m. The crust density is r c , G is the gravitational constant, and t cr is the crust thickness. The function a l is that of McGovern et al. [2002] modified from the formulation of Turcotte et al. [1981] and represents the degree of compensation for a given degree harmonic and is a function of the effective elastic thickness of the lithosphere, T e , and the elastic constants: Young's modulus, 10 11 Pa, and Poisson's ratio, 0.25. LOS accelerations, g c , are then determined by [McKenzie and Nimmo, 1997] :
where U is the gravitational potential, R p is planetary radius, a is the spacecraft altitude,r,q, andf are the unit vectors pointing upward, southward, and eastward, respectively, and d is the line-of-sight vector.
[10] Tracks were selected from the GCO data (gravity calibration orbits spanning the period of 5 February 1999 to 1 March 1999) because their favorable viewing geometries provided high signal strength, Table 1 [Tyler et al., 2001; Lemoine et al., 2001 ]. An edge-on viewing geometry (Earth out-of-plane angle of 0°) maximizes the orbital velocity signal observed in the Doppler data. The Earth out-of-plane angle for the GCO orbits used in this study range from $2.5°to 6°. As a result, the east -west vector component of the LOS acceleration is minimal, but radial and north -south components are large.
[11] Results for profile A-A 0 of Figure 1 are shown in Figure 5 for degrees 5 -75 using a mantle density 3400 kg m À3 , crust density 2900 kg m À3 , crust thickness 100 km, and elastic thickness 20 km. The misfit across the Thaumasia Highlands and associated flexural moat ($34°to 46°S latitude) is large relative to the misfit elsewhere along the orbit. An exploration of the parameter space reveals that the misfit remains large for all values of r c , t cr , and T e and a Scott and Tanaka [1986] and the free-air gravity contour for À40 mGal from reference gravity model MGS75D superposed. The stratigraphic definitions of geologic units in the vicinity of the Thaumasia Highlands are given on the right with approximate boundary ages from Hartmann and Neukum [2001] . At the bottom right, a simplified cross-section generated using a 1°resolution MOLA profile corresponding with the ground track of profile (A-A 0 ) used to depict the interpretation by this study of the relationship of the units originally mapped by Scott and Tanaka [1986] . For a full description and correlation of all the geologic units, see the study of Scott and Tanaka [1986] . simple loading model is not adequate as the correlation between topography and gravity is low. Likely causes for this are: erosion of the highlands, filling of the trench, and deposition of the Hesperian age volcanics within the plateau interior, all of which have the potential to alter the flexural signal and degrade the correlation between the topography and gravity limiting the usefulness of this approach.
[12] An alternate approach used here is a forward model. On the basis of the topographic configuration of Thaumasia, along with the inference of a buried flexural moat, we model Thaumasia as a large volcanic plateau, approximated as a disk load that is flexurally compensated to create the observed topographic and gravitational expression. The location of the disk is selected to coincide with the Thaumasia Plateau centered at 22°S, 269°E with a radius of 20°p lacing the disk's edge at the periphery of the Thaumasia Highlands. Values of T e , r c , and disk thickness, h, are varied to fit the LOS acceleration profiles (Figure 1 ) with the goal of constraining the value of T e at the time the Thaumasia Highlands formed.
[13] The flexural response of the lithosphere to a topographic load remains fixed, and hence is ''frozen in'' when the loading occurs Watts and Burov, 2003] . Subsequent loading after the lithosphere thickness has changed and/or viscous relaxation will alter the flexural signal [Turcotte and Schubert, 2002] . As the value of T e of the Martian lithosphere is presumed to increase over time as the planet's heat flux diminishes, its value provides an estimate of the relative timing of loading events throughout its geologic history.
[14] Forward models used to fit spacecraft accelerations have been used in the past [e.g., Sjogren et al., 1975; Janle and Jannsen, 1986; Malin, 1986] , for example, employed a similar model to estimate the density of the Martian north polar layered deposits. Using the LOS acceleration rather than the surface gravity has the advantage of providing a natural filter for removing ringing in the truncated harmonic series of the model as upward continuing the model gravity data attenuates power at smaller wavelengths, that is, it is a smoothing process.
[15] The LOS acceleration profiles however are not as intuitive to interpret as gridded gravity models. In general, perturbations in the spacecraft's acceleration have significant magnitudes in not only the radial component, but also the tangential component resulting from off-nadir features that exert an influence on the acceleration. The raw LOS data consists of values of residual MGS Doppler velocities relative to degrees 5-75 of the gravity model MGS75D [Yuan et al., 2001] as a function of position and time with the records being generally spaced 20 s apart. To obtain the full LOS acceleration, reference LOS accelerations from MGS75D are added back to the accelerations calculated from the residual Doppler velocities [McKenzie et al., 2002] . Prior to doing this, the reference accelerations from MGS75D were referenced to the geoid and a spatial filter was applied using a localizing window function with a value of 1 within an angular radius of 28 latitudinal degrees centered on Thaumasia and vanishing elsewhere. Further, the northern half of Thaumasia has been heavily modified by more recent geologic activity such as the formation of the Valles Marineris canyon system [Lucchitta et al., 1992] and the prolonged volcanic-tectonic activity of Syria Planum [Tanaka and Davis, 1988 ] that obfuscates the original symmetry of the plateau and hence imparts power in the acceleration not related to the formation of Thaumasia. We remove this power by mirroring the observed reference field about a longitudinal axis on the center latitude of Thaumasia (22°S) and we only fit south of 22°S.
[16] An alternate approach is to reconstruct the LOS accelerations using only the radial component of the reference field, i.e., only the first term on the right hand side of equation (2). This approach has the advantage that the reference field does not require any spatial filtering to isolate the signal of the highlands. The drawback is that the radial and tangential component of the LOS residual Value at start of orbit (most southern point of profile with ground track progressing north). c Altitude range in kilometer of orbit for À50°N to À20°N latitude. Figure 5 . Observed and modeled LOS acceleration profile and the residual (inset) for ground track A-A 0 for degrees 5 -75 using a 3400-kg m À3 mantle density, 2900-kg m À3 crust density, 100-km crust thickness, and 20-km elastic thickness in the model. Horizontal scale of inset is À60°to 0°latitude. cannot be separated, and thus the observed LOS acceleration has a tangential as well as a radial component, while the model acceleration has only a radial component. In the profiles used here, the residual is relatively small and thus the effect of the unmodeled tangential component is not significant. Minimizations using only the radial component of the model and reference fields result in very similar results to those in which all components are used. We report results based on the latter approach in the following section.
[17] The misfit between the modeled acceleration profile and the raw spacecraft acceleration profile is evaluated using the sum of squares of the residual, RSS. The initial disk thickness, h, disk density, r s , and T e are varied to minimize RSS to determine a best-fit model. The model fit is further characterized with the R 2 -statistic which quantifies the fraction of variance in the data explained by the model (for R 2 = 0 a model fit is no better than a horizontal line and approaches unity as a model approaches an exact fit).
Results
[18] The misfit between observed and calculated LOS profiles was calculated and best-fit parameters determined for six orbits in the latitudinal range of À50°to À22°N (Figure 1 ). Misfit calculations were done for parameter ranges of 0 -200 km for T e , 1 -40 km for disk thickness, h, and 2000 -3500 kg m À3 for r s , with step sizes of 1 km, 0.5 km, and 10 kg m À3 respectively.
[19] There is generally a trade-off between the effective elastic thickness and the crustal thickness [e.g., Nimmo, 2002] . Constraints on the crustal thickness however are relatively weak and topography and gravity indicate the crust thickness is of great variability throughout Tharsis . Global admittance curves, neglecting the contributions of Olympus Mons and the Tharsis volcanoes, indicate a global compensation depth of $100 km [Yuan et al., 2001] . The minimum global average determined from Bouguer gravity is $50-60 km, with the southern highlands being $10 -20 km thicker than the northern lowlands, based on maintaining a non-negative crustal thickness beneath the Isidus impact basin [Zuber et al., 2000; Wieczorek and Zuber, 2004] . The maximum crustal thickness is $100-115 km based on viscous relaxation of the Hellas basin and the dichotomy boundary [Nimmo and Stevenson, 2001; Zuber et al., 2000] . Since the focus in this study is deriving values of T e , the crustal thickness is held constant at a value of 100 km. Running best-fit calculations for t cr = 50-110 km in 10 km increments, we found 100 km marginally provided the best fit and the best agreement between the resulting modeled topographies and the observed topography for the best-fit LOS acceleration profiles ( Figure 6 ).
[20] The results are summarized in Table 2 with plots of the resulting best-fit model acceleration profiles and the spacecraft accelerations in Figure 7 . The sensitivity of the solution to variations in the parameters is evaluated by analyzing the trade-off between the parameters. Contours of misfit are displayed on two-parameter projections to identify regions of favorable solutions where the acceptable misfit is taken to be less than the residual standard error ( Figure 8 ). All of the profiles analyzed yield similar parameter solutions with T e $ 19-23 km, r s $ 3030-3080 kg m À3 , and a disk thickness $16.5 -17.5 km.
Discussion 2.5.1. Effective Elastic Thickness
[21] The T e values obtained by the model reflects the elastic strength of the lithosphere at the time Thaumasia was emplaced since the flexural wavelength, determined by T e at the time of loading, does not change unless subsequent stresses on the lithosphere impart a new flexural signal. In general, T e increases as the planet cools, and younger features will therefore reflect a larger value of T e and obscure previous flexural signals. The values determined in our model are consistent with a Noachian formation age for the Thaumasia Highlands. For example, Zuber et al. [2000] and McGovern et al. [2004] , obtained values of T e < 20 km for all Noachian features they studied and McKenzie et al. [2002] obtained T e = 15 km for the bulk of the southern highlands which for the most part have Noachian surface ages. This is in agreement with the interpretation of the flexural moat being filled with Late-Noachian and Hesperian materials and places the formation of Thaumasia in the earliest epoch of Mars encompassing the first $500 Ma after planetary accretion [Hartmann and Neukum, 2001 ].
[22] The modeled flexure of a thin-elastic shell provides an explanation for the general topographic configuration of the Thaumasia Highlands; that of an arcuate mountain belt circumscribing a depressed interior plateau, and a flexural moat which is inferred from the surface geology and gravity. For Thaumasia, with a diameter $2700 km, most of the power in its topography will be at low harmonic degrees that generally are in an isostatic regime (i.e., no bending stresses). Most of the power in the topography of the disk load is in harmonic degrees 0-10. The edge of the disk contains shorter wavelength spectral power and therefore exhibits a larger degree of elastic support explaining the topographic high of the Thaumasia Highlands at the edge of the Thaumasia Plateau.
Crust Density and Initial Disk Elevation
[23] The best-fit disk thicknesses obtained in the models of 16 -22 km result in $4 -5 km of surface relief at the disk margins for the corresponding best-fit T e and r s values, comparable to the magnitude of relief of the Thaumasia Highlands (e.g., Figure 6 ). This leads to crustal roots $11.5 -13.5 km thick. Using Bouguer gravity and MOLA topography, Neumann et al. [2004] find crustal thickening Figure 6 . Observed topography and resulting best-fit model topography of representative profile (C -C 0 ) up to degree and order 75. Note that the short wavelength fluctuations result from ringing in the topographic expansion but are attenuated in the gravity derived from the topography at the height of the spacecraft.
beneath the Thaumasia Highlands on the order of 10 -15 km, assuming an isostatic, uniformly dense crust (r s = 2900 kg m À3 ).
[24] The nominal range of surface densities found in this study, 3030-3080 kg m À3 for the six profiles, are lower than the densities of the Martian meteorites, typically 3200 to 3300 kg m À3 [Lodders, 1998] , and values obtained for the Tharsis volcanoes, typically $3200 km m À3 [McKenzie et al., 2002; McGovern et al., 2004; Belleguic et al., 2005] . This may be attributable to the Thaumasia Highlands' significantly older age. Surface densities obtained from analysis of localized admittance for other portions of Noachian age crust are lower [Nimmo and Tanaka, 2005] , possibly due to high porosity (resulting from [2002] results in a significantly larger topographic signal, as the lower density results in an increase in disk thickness to match the gravity, and the increase in the density contrast between the disk and mantle increases the buoyant support. This low-density model produces topography more than $5 km in excess of that observed for the Thaumasia Highlands. As our bestfit model solutions yield topographic relief of similar magnitude to that of the Thaumasia Highlands we conclude that the low surface density obtained by McKenzie et al. [2002] does not extend into the Thaumasia Highlands and may reflect low surface densities around Valles Marineris. McGovern et al. [2004] obtained density ranges of 2100 -2900 kg m À3 for three chasma of Valles Marineris, with varying degrees of subsurface loading with lowest density values obtained with top-loading only models. For Solis Planum, the portion of the Thaumasia Plateau south of Valles Marineris, and encompassing the northern portion of the acceleration profiles used in this study, obtained a crust density of 2900 kg m À3 implying the low surface densities observed in these other studies are confined northward of the region studied here. Further, when considering the range of models that fall within the acceptable misfit (Table 2) , the minimum and maximum permissible densities are 2710 -3320 kg m À3 respectively. The density obtained for Solis Planum by McGovern et al.
[2004] falls well within this range, however, the low densities obtained northward around Valles Marineris generally do not [McKenzie et al., 2002; McGovern et al., 2004] and indicate the density of the southern margin of Thaumasia is distinct.
Summary
[26] We find that a model depicting the gravitational relaxation of a plateau can successfully fit the LOS acceleration data of MGS over the Thaumasia Highlands and explain the topographic configuration of the arcuate mountain belt, depressed interior plateau, and flexural moat inferred from the surface geology and gravity. Minimizing the misfit between six modeled profiles and the LOS acceleration profiles has provided reasonable estimates of the effective elastic thickness, crust density, and amount of crustal thickening (i.e., disk thickness) for the Thaumasia Highlands. The results are similar for all profiles with T e $ 20 km, r s $ 3000 kg m À3 and h $ 17 km. In general, T e increases as the planet cools and the value obtained reflects T e and the time of lithospheric loading, and thus provides information on the formation age. Zuber et al. [2000] and McGovern et al. [2004] , obtained values of T e < 20 km for all Noachian features they studied and McKenzie et al. [2002] obtained T e = 15 km for the bulk of the southern Figure 8 . Contours of misfit, defined as the residual sum of squares, displayed on two-parameter projections for a representative profile (C-C 0 ). Contour intervals represent multiples of the residual standard error with minimum misfit denoted by ''Â''. highlands which for the most part have Noachian surface ages. This is consistent with the interpretation of the flexural moat being filled with Late-Noachian and Hesperian materials and places the formation of Thaumasia in the earliest epoch of Mars encompassing the first $500 Ma after planetary accretion.
The Admittance of Tharsis
Background
[27] The Tharsis rise was largely in place by the end of the Noachian Epoch [Phillips et al., 2001] and its formation contributes significantly to the global shape [Smith et al., 1999a] and long wavelength gravity field of Mars [Smith et al., 1999b] . A majority of the tectonic and volcanic activity of Tharsis peaked early and decreased with time [Scott and Tanaka, 1986; Anderson et al., 2001] although more limited volcanism appears to have persisted later in the planet's history. With volcanic flows as young as 10 -200 Ma [Hartmann, 1999 [Hartmann, , 2005 Neukum et al., 2004] Tharsis can still be considered a volcanically active region.
[28] In a general sense, the southeastern half of the rise differs markedly from the western half of the rise (Figure 9 ). The western half of the rise, subsequently referred to here as west Tharsis, is characterized by large shield volcanism with high central edifices, calderas, and flanking rift zones with surface units of Hesperian and Amazonian age predominating. Conversely, the southeastern half, referred to as Thaumasia, encompassing the Thaumasia Highlands, Valles Marineris, and Solis, Sinai, and Syria Plana, is characterized by widespread, diffuse volcanic construction, an absence of large shield structures and calderas, with surface units of Noachian and Hesperian age predominating. This general trend observed in surface ages, Noachian-dominated units in the southern margin of Thaumasia progressing in age across the rise to Amazonian-dominated surface units in west Tharsis, suggests there has been an alteration to the underlying convection since the Early Noachian resulting in a migration in volcanic activity away from Thaumasia and the preservation of Noachian terrains on the plateau margin. Further, the style of volcanic construction, changing from plateau building in the Noachian to the formation of large shields in the Amazonian, perhaps reflects the changing response of the lithosphere to volcanic loads.
[29] If the heat flux from the interior of the planet has been spatially uniform across Tharsis for the duration of Martian history, a geophysical manifestation of this trend in surface ages would be anticipated in the effective elastic thickness values, T e . This is because T e values generally increase for younger surface features as a result of the thickening of the rigid outer portion of the planet over time. The admittance, the function relating gravity to topography, can be used to estimate T e on a regional basis [e.g., McKenzie, 1994; Simons et al., 2000; Watts, 2001; McGovern et al., 2002; Belleguic et al., 2005; Wieczorek and Simons, 2005] . We derive values of the admittance from LOS acceleration profiles of MGS for the two halves of Tharsis. We fit the observed admittance with modeled admittances. In addition to estimating T e , the surface density r s is fit to identify variations between the study regions. It is also assumed that loading at the Moho can produce surface topography and the ratio of bottom to top loading, F = F 2 / Figure 9 . The geologic timescale of Mars divided into three stratigraphic epochs: Noachian, Hesperian, and Amazonian, with an estimated absolute timescale [Hartmann and Neukum, 2001 ] and a simplified geologic map (adapted from the study of Scott and Tanaka [1986] ) depicting the surface ages corresponding to the three stratigraphic epochs. Units colored yellow, olive, and beige are impact crater material of unspecified age. Colored boxes outline regions where admittance was determined in this study.
F 1 , is also fit as a parameter where F 1 and F 2 are the fractions of loading at the surface and Moho respectively [e.g., McKenzie, 2003].
Admittance Model
[30] The details of the LOS admittance method that we employ in this study can be found in the study of McKenzie and Nimmo [1997] and McKenzie et al. [2002] , however these models did not consider subsurface loading. Other studies [e.g., Zuber et al., 2000; McGovern et al., 2002; Belleguic et al., 2005] have utilized harmonic coefficients of surface gravity models to derive admittances. The tracking data provides a direct measurement of the gravity signal at a location, rather than the harmonic field derived from a model that produces a global fit. However, using the LOS acceleration requires a larger area to derive an accurate admittance making it more difficult to isolate geologic provinces [Pérez-Gussinyé et al., 2004; Crosby, 2007] .
[31] In the frequency domain we used the mean value of the observed admittance, Z°f(k), with standard deviation, DZ°f(k), obtained from the gravity and topography in a number of wave number bands using the multitaper method [Thomsen, 1982;  McKenzie and Fairhead, 1997] with three tapers in each direction. The best-fit theoretical admittance curve is determine by minimizing the chi-square function [e.g., Press et al., 1992] 
where N is the number of wave bands used and Z c f (k) is a model admittance obtained by using the multitaper method on a synthetic LOS acceleration data set. These synthetic LOS accelerations are calculated from the observed topography and an admittance Z which is calculated using:
where A, adapted here for a thin spherical shell from McKenzie and Fairhead [1997] , is and a t and a b represent the inverse of the degree of compensation for a given degree harmonic for surface and subsurface (or ''bottom'') loading respectively [see Turcotte et al., 1981] for a derivation and discussion of the degree of compensation for a thin elastic shell). F is the fraction of subsurface loading and is assumed to be statistically independent from surface loading [Forsyth, 1985] . If correlation between surface and subsurface loading is very high over a wide region, then density estimates will differ from the average density of the topography and the rigidity will be underestimated [McKenzie and Fairhead, 1997 ].
[32] Synthetic LOS profiles are generated from the observed topography and processed to yield model admittance values in an identical manner to the observed LOS profiles [McKenzie et al., 2002] . Although time-consuming, doing so avoids the problem of comparing the observed (windowed) admittance with an unwindowed theoretical curve which result in T e estimates that are biased toward lower values [Pérez-Gussinyé et al., 2004; Crosby, 2007] . Spectral leakage can result in overestimated admittances at the longest wavelengths. We therefore neglect admittance values for wavelengths >1400 km in the calculations of the misfit between observed and predicted admittance. The best fit was determined by varying the parameters T e , r s , and F in increments of 1 km, 10 kg m À3 , and 0.1. The goodnessof-fit for the models are evaluated using the incomplete gamma function Q [Press et al., 1992] , where very small values of Q ((1) imply the misfit between the data and the theoretical curve is unlikely to be due to chance fluctuations and the model should be rejected. For values of Q $ 0.5, the variance in the data is approximated well by the variance in the fit and the reduced chi-square value, c 2 /n (where n is the degrees of freedom), is $1.
[33] As discussed in section 2.4, there is generally a tradeoff between the elastic thickness and the crustal thickness. The constraint on the crustal thickness is relatively weak as this parameter affects the theoretical admittance at longer wavelengths where flexural effects can be masked by a convective signature [Barnett et al., 2000] and spectral leakage [Pérez-Gussinyé et al., 2004] . Since the focus in this study is deriving values of T e , the crustal thickness is again held constant at 100 km.
Admittance Results
Thaumasia
[34] A study area of 240°to 320°E longitude and À60°to 5°N latitude was selected encompassing Thaumasia (Figure 9 ). The resulting best-fit model parameters are listed in Table 3 and the observed admittance and the nominal best-fit modeled admittance are shown in Figure 10 . As can be seen, at sufficiently short wavelengths (<800 km), Z is approximately constant as the lithosphere is not deformed by the topography. The admittance at these wavelengths is determined exclusively by the density of the corresponding components of surface topography, Z = 2pr s G. The best-fit value is 2250 kg m À3 , a value predominately lower than values derived in admittance studies of other regions of Mars [e.g., McKenzie et al., 2002; McGovern et al., 2002; Zuber et al., 2000] . The best-fit density is also smaller than that of the SNC meteorites [Lodders, 1998] , which are generally accepted to be samples of the Martian crust [Longhi et al., 1992; McSween, 1994] . It is however, consistent with values derived by other studies within the Thaumasia region. McKenzie et al. [2002] , considering top loading only, derived r s = 2350 kg m À3 for a region encompassing the northern half of Thaumasia centered on Valles Marineris at longitudes 260 to 350°E and latitudes À35 to 25°N. McGovern et al. [2004] derived r s = 2200, 2300, and 2500 kg m À3 for Candor, Hebes, and Capri Chasma of Valles Marineris respectively when only considering top loading. In section 2, we found that the low density does not include the Thaumasia Highlands and is likely confined northward toward Valles Marineris. The low density may be the result of subsurface ground ice or a lowdensity sedimentary component of the crust. Valles Marineris has been the source region of large outflow channels in the past [e.g., Lucchitta et al., 1992] . However, if the ground ice is of sufficient abundance to lower the surface density to 2250 kg m À3 , it must be at a depth greater than $1 m because the Mars Odyssey Gamma Ray Spectrometer does not see elevated hydrogen in the region [Feldman et al., 2002; Boynton et al., 2002] . Light-toned, layered rocks, interpreted to be sedimentary, are observed in thick sequences within the Valles Marineris canyon system [Malin and Edgett, 2000, 2001] along with light-toned units possibly of similar lithology upon the surrounding plateau [Edgett, The values in parentheses give ranges of solutions for which c 2 /n < 1.5 c 2 min . Figure 11 . Misfit contours for T e versus F. The ''Â'' denotes the minimum misfit point and contour intervals are 0.5 c 2 min . As can be seen, if top loading is assumed (F = 0), T e is underestimated. 2005]. This observation could explain the low densities found in the region if significant portions of the crust are composed of lower density sediments or include a significant ice component. Sediment and ice deposits in the region are predicted by Dohm et al. [2001] who interpret much of Tharsis having been a Europe-size basin during the Noachian which would have formed a catchment for water and sediments. The wall rocks exposed by the large chasma, which represent the >10 km sequence of rocks that comprise the Thaumasia Plateau have been interpreted to be igneous in origin, likely the result of volcanic flood lavas [McEwen et al., 1999] and igneous intrusion [Williams et al., 2003] . The low densities found for this region in this study and in other studies [McKenzie et al., 2002; McGovern et al., 2002 McGovern et al., , 2004 argue that a low-density component is present in at least the top few kilometers of the crust. The vertical relief of topography is generally of the order of several kilometers and therefore the crust density value obtained by admittance studies pertains to only the upper few kilometers of the crust.
[35] Since the surface density is determined by the short wavelength admittance, it is well constrained and is observed to be relatively invariant relative to changes in the other parameters. There is however, a general trade-off between T e and F. If F is held fixed at 0.0, i.e., top loading only, a smaller value of T e is obtained, T e = 112 km, versus T e = 162 km and F = 0.5 when F was allowed to vary. As can be seen, if bottom loading is present but not accounted for, T e is underestimated (Figure 11 ).
[36] The best-fit value of elastic thickness of 162 km is larger than the values estimated using the LOS acceleration profiles transecting the Thaumasia Highlands (<50 km). The likely reason for this is that the Thaumasia region as a whole contains features that are of varying geologic ages with many features being younger than the Thaumasia Highlands. For example, Valles Marineris and Noctis Labyrinthes are Hesperian in age, Syria Planum has experienced multiple episodes of volcanic and tectonic activity, and areally extensive Hesperian flood basalts cap the interior of the plateau. In addition, Thaumasia may have experienced continued thermal subsidence of the plateau after the initial flexural signal of the Thaumasia Highlands was established. Regional spectral estimates of T e will be weighted by features with the largest amplitude [Forsyth, 1985] and these younger features, many with significant relief such as Valles Marineris ($8 km), dominate the admittance and [2004] derive large values of T e in three chasma of Valles Marineris with values generally exceeding 100 km. However, for Solis Planum, the southern portion of the Thaumasia Plateau, they derive T e = 24-37 km, a range of values reflecting the older age of the southern margin of the plateau and more consistent with the values we derived in section 2.
West Tharsis
[37] A region of the western portion of Tharsis, 200°to 280°E longitude and À20°to 45°N latitude (Figure 9) , was selected to incorporate the largely Amazonian surface ages that are observed there [Scott and Tanaka, 1986] . This study region includes the large shield volcanoes that dominate the western half of Tharsis and include: Arsia, Pavonis, and Ascraeus Mons (collectively referred to as the Tharsis Montes), Olympus Mons, and other smaller volcanic edifices.
[38] The admittance for this region (Figure 12 ) is best fit with a surface density, 3150 kg m À3 , and an elastic thickness, 81 km for t cr = 100 km with little to no bottom loading, F = 0.1 (Table 3 ). This value for T e is at odds with the Amazonian surface ages when compared with the larger T e value obtained for Thaumasia where predominantly Noachian and Hesperian surface ages persist. Selecting a misfit criterion of 1.5 times the minimum misfit to determine a reasonable fit gives 118-202 km and 75-88 km for the elastic thicknesses of Thaumasia and west Tharsis respectively, and 2210 -2310 kg m À3 and 3110-3180 kg m À3 for the surface densities of Thaumasia and west Tharsis respectively. Contour plots of misfit for the two regions show that r s is tightly constrained for both regions (i.e., the acceptable range in r s is relatively small). Further, the difference in densities is more robust than the difference between T e where the contours largely overlap (Figure 13 ). If T e is held constant at a mean value of 122 km for both regions, best-fit densities of 3010 and 2320 kg m À3 are obtained for west Tharsis and Thaumasia respectively ( Figure 14A) with an increase in minimum misfit to 4.329 and 2.158 respectively. If the surface densities for both regions are held constant at a mean density of 2700 kg m À3 (Figure 14B) , west Tharsis yields a larger best-fit T e , 172 km, than that of Thaumasia, 100 km. The model misfits however, become quite large, 26.08 and 19.43 for west Tharsis and Thaumasia respectively. From this, we see that the evidence for a systematic difference in T e between the two areas is weak, but the evidence that the surface densities are different is quite strong. This is further supported by the fact that both of the admittance curves roll-off at similar wavelengths, $800 km.
[39] The difference in surface densities is not surprising. Thaumasia has experienced fewer volcanic resurfacing events during its history. Many of the terrains are Noachian in age and were likely extensively brecciated from heavy bombardment and/or may have been heavily sedimented from an earlier, wetter, warmer climate. On the other hand, crater counts indicate relatively young model surface ages for the western half of Tharsis. For example, Hartmann [2005] find an average surface model age for Arsia Mons, the southern most Tharsis Montes volcano, of $200 to 1000 Ma. Neukum et al. [2004] estimate a surface age of $100 Ma for the large central caldera of Ascraeus Mons, the northern most Tharsis Montes volcano. Other studies also obtain higher surface densities for the Tharsis volcanoes (3100 ± 200 kg m À3 ), than are found for various regions that are composed of Noachian crust (2500 -3000 kg m À3 ) [McKenzie et al., 2002; Nimmo, 2002; McGovern et al., 2004; Belleguic et al., 2005] . Further, the SNC meteorites, with all but one having crystallization ages <1.3 Ga, have whole rock densities typically 3200 to 3300 kg m À3 [Lodders, 1998 ].
[40] The apparently lower value of T e for west Tharsis relative to Thaumasia is not as simple to interpret. The flexural signal from topography is set when a feature loads the lithosphere. Tharsis has had both loading and lithospheric rigidity vary over time to produce a complicated signal. The lack of a definitive difference in T e between the two halves of Tharsis is most likely due to the limitations in the analysis of admittance data as it assumes loading has occurred all at one time. Evidence suggests that the bulk of Tharsis was emplaced prior to the end of the Noachian. The orientations of Noachian tectonic features are consistent with models of elastic stresses using present-day topography implying that the extent of the topographic load in the Noachian was comparable to that at present [Banerdt and Golombek, 2000] . Further, the location and orientation of Noachian-age valley networks appear to have been influenced by the presence of Tharsis and its antipodal bulge in Arabia Terra [Phillips et al., 2001] , and the preservation of magnetic anomalies in the Noachian terrains in the region indicate some volcanic construction occurred when the dynamo was still active [Johnson and Phillips, 2005] . These observations, along with our result of T e = 81 km for west Tharsis, collectively imply that the long wavelength bulge of Tharsis is an ancient Noachian feature. However, the young surface ages on and around the shield volcanoes reveal that a long-lived history of volcanic construction has been sustained in the western portion of Tharsis into the relatively recent past. Further, large volcano formation is much more likely at larger T e values as low values result in high horizontal compressive stress that inhibits edifice growth [McGovern and Solomon, 1998 ]. The volcanoes therefore likely reflect a thick lithosphere and contribute power in the admittance at shorter wavelengths; their diameters are relatively small ($400 km). This would provide a strong admittance signal at the short wavelengths from which the surface density is determined, while the flexural signal would remain somewhat ambiguous.
Discussion
[41] The progression in surfaces ages from the oldest, preserved in Thaumasia on the southeast margin of Tharsis, to the youngest, at Olympus Mons on the western margin, suggests there has been an alteration of the underlying convection since the Early Noachian resulting in a migration in volcanic activity away from Thaumasia leading to the preservation of the Noachian terrains observed in that region. This progression is evident in the crater counts. Figure 15A shows a histogram of the total number of craters with diameters >10 km across Tharsis from the Martian crater catalog of Barlow [2000] starting with the Thaumasia study region of section 3.3.1 (240°to 320°E, À60°to 5°N) and shifting the region of crater counting by 10°north and west for each histogram bin ending with the study region of west Tharsis discussed in section 3.3.2 (200°to 280°E, À20°to 45°N). The decline in the number of craters westward, as would be expected, reflects the percentages of Noachian, Hesperian, and Amazonian terrains ( Figure 15C ). The surface densities obtained from the admittance also mirror this surface age migration. Determining the admittance and best-fit model admittance for each area portrayed in the histogram bins of Figure 15 , we find a progression from the lowest surface densities in Thaumasia, 2250 kg m À3 , to the highest densities in west Tharsis, 3150 kg m À3 . The near-surface crust of Thaumasia is either more porous from impacts during heavy bombardment and/or is composed of lower density sediments. The higher densities of west Tharsis are consistent with the densities of the SNC meteorites (basalts and ultramafic cumulates) and reflect a younger, less altered surface layer. The fact that the crater counts correlate with the densities implies that disruption of the surface layer by impacts, rather than differences in lithology, plays a dominant role in controlling the surface densities in this region. The elastic thicknesses however do not increase systematically with decreasing surface age and in fact west Tharsis yields a lower T e than Thaumasia. This suggests that the formation age of the topographic bulge of Tharsis cannot be inferred from surface ages and the younger units represent a veneer several km thick. This observation implies that the apparent migration of volcanism across Tharsis observed in the surface ages from east to west is due to a progressively greater confinement of the surface volcanism to the western margin of Tharsis (i.e., an asymmetric reduction in the areal extent of volcanism).
Summary
[42] The admittance of Thaumasia yields T e = 162 km. This value likely results from the admittance signal being dominated by large amplitude younger (Hesperian and later) features that are prevalent in the northern portion of Thaumasia and possibly the continued thermal subsidence of the plateau after the initial flexural signal of the Thaumasia Highlands was established. The admittance of the western half of Tharsis in comparison yields T e = 81 km. This implies the predominantly Amazonian surface ages of the Barlow [2000] within five regions where the first histogram bin represents the Thaumasia study region described in the text, the last bin is that of the west Tharsis study region, and the three intermediate bins represent progressive shifts of 10°longitude and latitude of the region of crater counts. (B) The best-fit elastic thickness (left axis) and surface density (right axis) as determined from admittance for each region. (C) The percent of Noachian, Hesperian, and Amazonian terrain in the five regions.
region are relatively thin and the bulk of the topographic bulge was emplaced in the Noachian. Additionally, the volcanic edifices in west Tharsis have wavelengths generally shorter than $500 km and hence do not contribute to the flexural part of the admittance. The densities, on the other hand, show a progression from low to high that correlates with crater densities and the predominant surface ages for five regions crossing Tharsis with the lowest surface density found in Thaumasia, 2250 kg m À3 , and the highest density in west Tharsis, 3150 kg m À3 .
Conclusions and Implications
Conclusions
[43] Tharsis is the most dominant topographic feature on Mars next to the crustal dichotomy. Our admittance results are consistent with the bulk of the topography having been in place by the end of the Noachian, the first $700 Ma after planetary accretion. The variety of surface ages in Tharsis, generally trending from the oldest in the southeast to the youngest at the western margin, span the entire observable geologic record of Mars revealing a prolonged volcanic history. We interpret the T e values derived in this study to imply that the bulk of the bulge was formed relatively early in the planet's history irrespective of the observed age progression of the surface units. The age progression however, is reflected in the surface densities which are constrained by the shorter wavelengths in the admittance.
[44] We interpret Thaumasia to be an ancient volcanic plateau that was emplaced by the end of the Early Noachian. The observation that the flexural moat adjacent to the Thaumasia Highlands is buried by Late Noachian and Hesperian units, and analysis of the LOS acceleration profiles yielding T e $ 20 km, confirm that the southeast margin is the oldest preserved region of Tharsis. Making the simple assumption that T e corresponds to a depth to an isotherm ($650°C) , and the temperature at the top of the mantle is similar to that of the Earth ($1300°C), implies the upper thermal boundary layer thickness of Mars in the stagnant lid convection regime was $34 km during the Early Noachian, consistent with thermal evolution models of Mars [e.g., . Other Noachian terrains of the southern highlands yield similar elastic thicknesses McKenzie et al., 2002; McGovern et al., 2004] . In addition, the existence of magnetic anomalies in the Thaumasia Highlands suggests that the volcanic construction was occurring while the Martian dynamo was still active in the Early Noachian [Johnson and Phillips, 2005] . The absence of crustal magnetic anomalies around the large impact basins of Hellas and Argyre imply that the dynamo had shut off by the time those impact events occurred, $4 Ga [Acuña et al., 1999] .
[45] We found top loading to be dominant (i.e., F was never found to be >1). This supports the paradigm of Tharsis being largely the result of surface loading [Solomon and Head, 1982; Willemann and Turcotte, 1982] rather than resulting from uplift of thickened buoyant crust [Wise et al., 1979a [Wise et al., , 1979b Phillips, 1979, 1985] or dynamic support from processes in the mantle [Hartmann, 1973; Phillips et al., 1973; Carr, 1974; Plescia and Saunders, 1980] .
[46] These conclusions are consistent with the following general scenario:
[47] 1. Tharsis was largely the result of volcanic construction at the surface of Mars. Our admittance models were all dominantly top loading (F < 1).
[48] 2. Thaumasia is the remnant of a large igneous feature.
[49] 3. Thaumasia, and likely the bulk of the entire Tharsis bulge, was in place during the Noachian. We find T e $ 20 km for the Thaumasia Highlands and the adjacent flexural moat filled with Late Noachian terrains indicating a very early formation age. For west Tharsis, T e = 81 km indicating that in spite of the Amazonian age surface units, the underlying bulge is relatively old, however not necessarily as old as the Thaumasia Plateau.
[50] 4. Volcanic effusion rates were very high during the Early Noachian but quickly diminishing in the Late Noachian and Hesperian.
[51] 5. Volcanic activity persisted into the present in more localized regions confined to the western half of the province. The surface densities reflect the surface ages as relatively low densities were found in Thaumasia, 2250 kg m À3 , and higher densities found for west Tharsis, 3150 kg m À3 .
[52] 6. For Thaumasia, T e = 162 km and may reflect thermal subsidence of the plateau as volcanism became confined westward, and the presence of younger topographic features with high amplitudes at flexural wavelengths (e.g., Valles Marineris).
[53] This scenario is consistent with thermal history models of Mars [e.g., Spohn et al., 2001; that predict rapid cooling of the planet's interior early in its history with more modest cooling through the Hesperian and Amazonian.
Implications 4.2.1. Volume and Timing of Volcanics
[54] The western hemisphere of Mars was dominated by volcanic construction during the Noachian. Thaumasia, interpreted here to be a volcanic plateau $10-20 km in thickness, was emplaced by the end of the Early Noachian. This represents $50-100 million km 3 of material (equivalent to a $350 -700 m global layer) having been produced within $500 Ma. Further, the $10 km sequence of rocks exposed in the walls of Valles Marineris that comprise the northern margin of the Thaumasia Plateau provides important compositional and structural information. The wall rocks are most likely to be predominantly flood basalts and layered igneous intrusives [McEwen et al., 1999; Williams et al., 2003] , possibly interspersed with a sedimentary component on eruptive horizons or preexisting sedimentary rock entrained in the igneous matrix. The observation of basalt and olivine-rich basalts within the walls of the chasma from spectra obtained by Mars Odyssey THEMIS (Thermal Emission Imaging System) [Christensen et al., 2003] , as well as olivine-rich and pyroxene-rich layers in the wall rock observed by the Mars Express OMEGA instrument [Mustard et al., 2005] substantiate this interpretation.
[55] These plateau rocks, capped by Hesperian and Late Noachian age units, represent the Noachian extrusive and intrusive igneous rocks that formed the plateau, attesting to the high effusion rates of the region during the Early Noachian. The wall rock of the chasma presents $30 million km 3 of directly observable volcanics [McEwen et al., 1999] . In comparison, Olympus Mons has a volume $7.5 million km 3 with surfaces ages spanning $1 Ga and edifice construction presumably occurring over a longer time-scale. Phillips et al. [2001] found a nominal value of T e = 100 km for the entirety of the Tharsis bulge. This indicates that T e increased rapidly to a value $100 km by the end of the Noachian epoch. Assuming T e = 100 km, the topography of Tharsis and the volume of material filling the underlying flexural depression represents $300 million km 3 of volcanics erupted in $1 Ga [Phillips et al., 2001] . This is the equivalent of a $2 km layer of volcanics spread out globally and corresponds to an effusion rate for Tharsis of $0.3 km 3 yr À1 during the Noachian, or $1.3 times the rate of extrusive volcanism on Earth over the last 180 Ma per unit area [Crisp, 1984] .
Coronae and Volcanics
[56] The pattern of volcanism in Tharsis appears to have changed from voluminous large-scale (1000s km) plateau building in the Noachian, to small-scale (100s km) shield building by the Amazonian. For low values of T e , large lithospheric deflections result in high levels of compressive stresses in a growing volcano that inhibit magma ascent to the summit Solomon, 1993, 1998 ]. Flexure in the volcano will result in rotation in the principal stresses induced in the load favoring horizontal propagation of magma outward from the summit to the flanks and thus areally extensive vent or sheet volcanism is favored. From this effect we conclude that the large shield volcanoes of Tharsis are the manifestation of volcanism occurring on lithosphere that has exceeded a critical value of T e for a given characteristic wavelength of upwelling beneath the lithosphere.
[57] This hypothesis is further supported by evidence that volcanoes on Venus are on average younger than coronae [McGovern and Solomon, 1998 ] and that transitional features observed on Venus, domical volcanoes with broad central depressions resulting from corona-like sagging, represent features emplaced on lithosphere exhibiting T e values near the critical value [Herrick et al., 2005] . Coronae, quasi-circular to circular volcano-tectonic features uniquely identified on Venus [Barsukov et al., 1986] , may represent a manifestation of heat liberation on a single plate planet [Smrekar and Stofan, 1997; Jellinek et al., 2002] . Volcanism occurs throughout the process of corona formation and volcanic construction is likely to play a role in establishing their topography Grindrod et al., 2005] .
[58] Our interpretation of Thaumasia as a large igneous structure, and the large topographic bulge of Tharsis as an ancient feature resulting from volcanic construction, is consistent with widespread volcanism on a thin, weak lithosphere during the Noachian. As T e increased over time, and effusive volumes moderated, shield structures evolved as the predominant manifestation of volcanism. Our conclusions support the argument that T e plays a role in whether a corona or a volcano will form on a single plate planet. With Mars establishing a large T e quickly, it also explains why coronae, Thaumasia being a possible exception, are not observed on Mars today.
